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CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UNITS OF MEASUREMENT 

Non-SI units of measurement used in this report can be converted to SI (metric) units as follows: 

* To obtain Celsius (C) temperature readings from Fahrenheit 0;) readings, use the following 
formula: C = (519) (F - 32). To obtain kelvin (K) readings, use: K = (519) (F - 32) + 273.15. 
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AN INFORMAL MONOGRAPH ON 
RIVERINE SAND DUNES 

I. INTRODUCTION 

The formation and behavior of sediment waves produced by moving fluids 

(principally water and air) are, in equal measure, intellectually intriguing; of great 

engineering importance; and aesthetically engaging. Because of the central role they play in 

river hydraulics, fluvial ripples and dunes have received extensive analytical attention from 

engineers for at least the past two centuries (e.g., Sainjon's 1871 publication, cited by 

Leliavsky (1955); and Du Buat's 1786 work, cited by Graf (1971)); and even more 

intensive descriptive study for even longer from geologists (formerly, before this age of 

specialization, known as natural philosophers). A comprehensive review and assessment 

of the resulting body of literature would be far beyond the scope of this investigation. 

Indeed, such an effort would be a scholarly enterprise requiring many years--perhaps a 

whole career--of effort by one versed in subjects ranging from descriptive geomophology 

to mathematical theory of autocorrelation analysis. The review reported here was limited to 

the analytical aspects of riverine bed forms, principally large dunes and bars--those of 

sufficient size to interfere with navigation and other uses of rivers. Herein these are 

referred to collectively by the geological term "megadunes." Attention is focused on the 

mechanics of megadune formation, and the geometrical and kinematical characteristics of 

the resulting bed forms. 

The modern, and far more successfui, era of bed-form analysis was initiated, 

without question, by the work of Exner (1925), which brought (unknowingly) small- 



penurbation stability theory to bear on the problem. A second rebirth of the subject was 

brought about by Nordin md  Algen's (1966) application of t ime-se~es malysis (also 

r e f e ~ d  to as autoconelation malysis, or speced analysis) to the descdpfion m d  malysis 

of fully developed bed forms- According%y, this study was lifited to Exner's (p~nc ipd ly  

because of its h i s t o ~ c d  impmnce)  and subsequent developments; i,e., to the p e f i d  shce  

1925. 

The p~ncipaii objective of the study was to asceflgn if it is now possible to m&e 

refiable p r d i c ~ o n s  of the condidons (combinadon of flow, fluid, and sediment propedes) 

under which megadunes will f om;  and of the lengths and heights of the resulting bed 

foms.  By way of preview, the answers turn out, unhnunately, to fall somewhere 

bemeen "no" and "very aapproximate%yeW 

Chapter %% of this repofl s u m m ~ z e s  m d  c ~ d q u e s  the pAncipa% publlicatioas on the 

subject, divided into three catego~es:  analytical (pdncipallly stability-theov) models; 

e m p i ~ c d  re%ations resulting from dimensional md other types of analysis of field and 

labomtow data; and stafistical (pfincipally time-sefies or spec&&) mdels ,  Chapter III is 

given over to a discussion of the cunent status of the pmblem, and s u m m ~ z e s  what is 

h swm and reviews the major stumbling blocks to fuaher p rops s .  In Chapter ZV a mew 

equation, based on a somewhat unconventional, theoq, for dune height is developed. 

V&fication of five of the leading emp5call dune-height relations is presented in Chapter V. 

Chapter VI recommends a new approach to dune management, and the s u m m q  and 

conc%%asions xiye presented in Chapter VII. 

The foI%owing considerations, which are somewhat philosophical in nature, may be 

helpful to the understandirrg of the anajyses reviewed below, and to appreciation of the 

difficulties encountered in analysis of sedimentq bed foms. First, it should be borne in 
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mind that bed forms are the result of an instability that is inherent in the flow, or more pre- 

cisely stated, in the interaction of the flow with the bed. There appear to be at least two 

types of instability. The first, which occurs at relatively low Froude numbers, is an 

insrability that originates at the flow-bed interface, arnd is present also in the case of very 

deep flows and flows without free supfaces (e.g., sediment-transpo~ing flows in closed 

conduits). It produces ripples, dunes, and bars.* The second principal type of instability 

results from an interaction between standing waves on the water surface and the bed, and 

produces antidunes. The latter type of instabiliey will not be considered further herein. 

The first instability--the one that produces ripples, dunes and bars--is, in certain 

limited respects, similar to that which produces turbulence in fluid flows. Each occurs only 

over a limited range of conditions. For other conditions--sdficiently low or high sediment- 

transport rates for bed forms; sufficiently low Reynolds number for turbulence--the flows 

are stable, resulting in a flat sediment bed and laminar flow, respectively. Both turbulence 

and bed forms can be prevented for flows in the ranges of instability, provided almost 

heroic measures are taken to prevent the flow and/or bed surface from becoming even 

slightly disturbed. Any disturbance rapidly amplifies, and equilibrium turbulence or bed 

forms soon emerge. Bed forms and turbulence both are comprised of a range of fre- 

quencies, and there is flux of wave content among the components of different frequencies. 

In the case of turbulence, the flux is from the lower frequencies (big eddies), at which the 

turbulence is generated, to the higher frequencies, where the turbulence energy is 

dissipated. Bed forms, on the other hand, are generated at the higher frequencies (shorter 

wavelengths), which merge (due to the frequency dependence of celerity) to form waves of 

lower frequency which are dissipated by the flow (Jain and Kennedy 1974). Both bed 

forms and turbulence in their fully developed state are characterized by equilibrium 

* The nomenclature utilized herein is that adopted by the ASCE Task Committee on Bcd Forms in Alluvial 
Channels (1966). 



distributions of frequencies. For turbulence, the equilibrium spectral content varies as f-5/3 

(f = frequency), over the equilibrium range of the well known Kolmogoroff specmm. 

EquillibPium-range bed-fom spectra vary as f-3 (Jain and Kennedy 1974; see also papers 

cited t h e ~ k  for f h e r  description of hquency content of bed foms). 

Finally, and perhaps most imporeant, is the fact that both turbulence m d  bed forms 

are an inherent characte~stic or property of most flows of engineering interest in thek 

respective fields. Either can be suppressed, but only over shofi distances or times, and 

only by e x ~ a o r d i n v  measures (e.g., turbulence suppression by flow constaictiorns like 

those found upstream of wind-tunnel throats). Both have decidedly good effects, and 

without them Earth would be a far different place. Without turbulence, it could not, for 

example, support life as we know it. Without bed forms, river stages would vary much 

more widely with rising and falling discharge, thereby exacerbating flooding and 

navigation problems. 

Both turbulence and bed f o m s  present engineering with formidable problems. 

Because the underlying instabilities cannot be avoided, both turbulence and bed forms, and 

the untoward effects they produce, must be allowed for and managed to the extent possible, 



I%. SUMMARIES OF RESULTS 

This review presents the significant results of the 

The slu&es are divided into t h e  categories according 

to the approach followed: analytical, empirical, or statistical. The studies are pesented in 

chronological order in each category. Each sunamary utilizes the mathematical symbols 

and, as appropriate, some of the sketches appearing in the source reference. The source- 

reference figure nunnkrs and figure captions are retained, 

Eleven studies of this type. were reviewed, starting with the 

classical study of Exner (1925). 



B. 1. Exner (1925) (source reference: Leliavsky (1955)). 

1. "Erosion" equation (sediment-continuity and sediment-transport relations). 

2. Fluid continuity. 

b(z-q) v = Q = const. 

3.  Fluid momentum 

Princiual results and observations 

1. Combining (1) and (2) yields 

az 
after neglecting -. General solution of (4) is ax 



T;or initial profile q0 at t = 0 

q o = A o + A 1 c o s a x  

bed profile at h e  t is 

These profiles are shown for different t in Fig. B. 1.2. Their celerity is 

and their amplitude remains constant. 

2. Including effects of fluid dynamics, by combining (3) with (1) and (2) yields, 

after linearization, 

For q, given by (6),  bed profile at any t is 

k - (- - j)t N k  9 = A o + A l e  2 cos a [ x -  Z-(--j)t] 
j 2  



If friction is neglected (k = 0) in (10) 

q = A, + A1 cos a[x - (4 E + tl. 

"Ve1&sy of the bank movement" given by (10) is 

e inaeases with k (i.e., with decreaing wavelength, h). 

3. If fiction is included, wave amplitude decreases as waves move downstream. 

For zero fiction, amplitude remains constant but waves distort as they move 

(see, e.g., figure B. 1.2). 

4. Because fornulation is quasi one-dimensional, analysis is limited to very long 

bed f o m s  (i.e., dunes and bars; not ripples). 

5 .  No relations for wavelength or height of bed foms  result from this analysis. 

6 .  Analysis is noteworthy as first of stability type analyses, and for laying 

groundwork for most future analyses of this genre. 

7. Exner extended analysis to include effects of variation of channel width. 



FIG. 12. Key-diupm for Pmftjllp~r Esner'a not~~tion.  

Figure B.1.1. 

Fro. 13. Professor Emer's mathematically derived dune profile. 

Figure B.1.2. Profiles at different times given by (9) and (10). 



Some notation is defined in h e  figupes. 

b - channel width 

E - - f% 

f - - any function 

g - - mriv acceleration 

- - k 
j function of a and k; 0 < 2 - j < W, depending on h. 

k - - coefficient in IlineaPnzed friction tern 

P - - pressure 

Q - - discharge 

- e - 

v - - locd mean (depth-averaged) velocity 

Vm 
- - average velwity over whole flow 

a - - ax/a 

Y - - component of fluid weight dong channel 

E "erosion coefficient" 

3a. - - wavellengh 

P - - fluid density 



B.2. Anderson (1953). 

1 . Sediment continuity. 

2. Sediment-transport relation. 

3. Potential-flow description of stationary water-surface waves of sinusoidal 

form on flow over a sinusoidal bed (see Fig. B.2.1) 

4. Karman's logarithmic velocity dismbution is used to estimate u near the 

bed, which is required to obtain Q' from (2): 

Princiual results and observations 

1. Bed profile is given by 

2a sin pt cos (mx - ~ t )  = cosh rnh 

where 



yk Um cosh mh c = --- -- 
m 2 sinh mh (5) 

2. Wavelengh relation is obt&d by q u a h g :  ampfitude given by (4) with sin 

pt -- 1 to h a t  for equdibrium flow over a sinusoidd M: 

Ve~fication of (4) is presented in Fig. B.2.2. 

3. Bed-foam celerity is obtained by substituting (3) into (2), and then the 

resulting expression for yk into (5): 

P Cm coth mh c = - =  G 
2rg~G 

4. Obsewations: 

(a) Anderson did not allow for movement of bed f o m s  in formulation of 

the velocity potential. His formulation actually is for moving bed 

waves passing under stationary water waves, This gives rise to sin Pt 

term in (4). 

(b) Wavelength relation is obtained by equating maximum amplitude 

reached by bed form migrating under stationary surface waves to bed 

amplitude which produces stationary surface waves of fixed amplitude 



a, Setting sin pt  .= 1 in (4) is nor warranted, md good ageemene 

shown in Fig. B.2.2. is considered almost fortuitous. 

(6) Fom of celePiv relafion is generally correct, with c increasing with 

demasing h md inmesing 6. 



Figures 

Fig. L - Definition Sketch 
for Evaluating Length of Sediment Eaves 

Figure B.2.1. 

Froude Number - w 
Fig.  5 - Relative Weve Length 
as  a F ~ m c  t ion  of Froude Number 

Figure B . 2 2  



Notation 

Some notation is defined in the figures. 

B - - 8.5 + 5.75 log y/dg 

C - - bed-form celerity 

C - - Chezy coefficient 

dg 
- sand size 

F r - - Froude number 

G - - total volumetric sediment discharge per unit width 

m - - 2.nn 

Q' = volumetric discharge, per unit width, of sedlment participating in bed-form 

migration 

t - - time 

U(X,Y> = horizontal velocity at (x,y) 

u - - mean velocity 

I3 = cm = temporal frequency of bed forms 

yg 
- - bulk specific weight of bed sediment 

* = constant, equivalent to Exner's "erosion coefficient" 

h - - wavelength 



B.3. Kennedy (1963) 

1. Potential-flow fornulation of free-sudace flow over a sinusoidal bed 

moving d o w n s a m  with celerity Ub (see Fig. B.3.1,). 

3. Power-law sediment  sport relation, with phase shift 6 

4. Assumption that obsewed bed forms aae those with wavelength that 

p d u c e s  fastest amplitude growth; i.e., those for which 

1. Wavelength relation is (see Fig. B.3.2) 

u2 ~ 2 , - =  1 + kd tanh kd + k6 cot k6 
gd (kd)2 + (2 c k6 cot k6) kd tanh kd 



2 .  Bd-fom celerity for wavelengh given by (4) is 

nEk sinh 2kd + 2kd ] cos jkd 
Ub = z [ s i n h 2 k d  - jkd cotjkd - 1 

3.  Analysis yields marhematical basis for cllassifica~on of bed forrns (see Fig. 

B.3.3). 

4. Observations: 

(a) Phase shift 6 between local sediment discharge and local near-bed 

velocity is of central impoflance to the theory- Such a phase shift 

unquestionably exists, but it has not been well fomulated. In actuality, 

this phase shift includes: phase shift between local bed elevation and 

local near-bed velocity; phase shift between local bed elevation and 

local bed shear stress; "adjustment distance" of local sediment-transport 

rate to local flow conditions; and gravitational effect of local bed slope 

on local sediment discharge. 

(b) This is a linearized (small wave amplitude) theory, and therefore is 

likely of limited value in analyzing fully developed bed forms. 



U 
Free 7 streamline Ur r Separation zone 

l t t ( x ,  t )  = a(r) sin k ( x  - Ub r )  
FIG- 6. Fw-surface flow over a dune bed, showing the separation in the lee 

of each dune. The lowest s t r e h e  of the flow is aesumed to be a einusoid. 

Figure B.3.1. 

0.253 mm. sand 
@350 mm. sand 
04-46 mm. sand 
0.545 mm sand 

A Tsubaki er el. 1.46 mm. sand 

FI~IJRE 9. Comparison of predicted and obeenrsd regions for 
formation of different bed configurations. 

Figure B.3.2. 
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Short-crested antidunes 

moving dolvnstream 

Dunes 

0 2 3 4 5 

i 
FIGURE 8. Conditions for occurrence of different bed configurations. 



Some nota~on is defind in the figues. 

M - f o m  mpgtude 

bulk s p a f i c  weight of bad s 

mean flow depth 

Fmude number 

s d m e n t  discharge p r  unit width, on a weight basis 

avemge (along chmnel) vdue of G 

wavelength 

constants in sediment-discharge relation 

time 

bed-form celerity 

space coordinates 

6 - - phase shift between Imd s ent discharge and lwd near-bed velocity 

nl(x,t> = bed elevation 

cP - - velocity potential 



B,4. Kennedy (1969) 

This review h c l l e  presentd f h e r  development m d  intevretalion sf  Kennedy's 

(1963) fieorericd mde l .  The p ~ n c i p d  eellemen~ of Kemedy's tkeoq are depict4 in Fig. 

B,4.1, Comelions to the &eov  m d e  by Regmolds (1965) were includd, and the ~ s u l t h g  

revisions to the predicted condieions Bi>r w c  nce of different bed foms  were made. The 

pPincipd new development, ouelind klow,  was a predictor for heights of bed forms. 

1. Modification of Kennedy's 1963 theory gives bed-form celerity as 

U 1 - ~ 2 k d  tanh kd 
" = (TdP)nk U - Uc tanh kd - ~ 2 k d  

2. Avemge s d m e n t  dschage in bed-fom f i g ~ a b o n  is 

- 6, 

= ( U d ) k  (1 + sin kx)dx = Ubao 
0 

1. Wevisd d i a p m  for wcumence of different bed forms, given in Fig. B.4.2. 

2. Limiting wavelength relabons were mdified in accordance with Reynolds' 

(1965) findings, with results shown in Fig. B.4.3. Kennedy's basic 

wavelength relation ((4) of S e c ~ o n  B.3) remained unchanged. 



3. (1) and (2) yield the following relation for ripple steepness 

&=& tanh kd - F2kd 
nn U 1 - F2kd tanh kd 

Good agreement was obtained ktween the be$-wave-steepness relation and 

flume data for flows over coarse beds (see Table B.4.1). 



Antidunes Moving Upstream 
(a) 

Y 

L/4* 6 * L / 2 ,  r / 2 < j k d c r r  

Antidunes Moving Downstream 
(b) 

Y 

X 

! Deposition f Deposition 

Ripples or Dunes Moving Upstream Ripples or Dunes Moving Downstream 

(not observed to occur) 
(c ) (d) 

FIG. 2. Mechanisms of instability for principal bed forms predicted by the poten- 
tial-flow stability analysis (U - I&, the x component of the velocity). 

Figure B.4.1. Graphical depiction of key elements of Kennedy's (1963) theory. 



Antidunes 
Moving Upstream htidunes 

Moving Downstream 
1.2 

I,O 
F 

0,8 

8.6 

8.4 
Ripples or Dunes 

0.2 

FIG. 4. Conditions for occurrence of various bdl forms. 

- Barlan B Lln 0.18 mm Sond 
a Braoks QO88 mm Sand 
r Brooks a145 mm Sand 
e Ksnrwdy ai57-0.46 mm Sand 
r Ksmed~ 0.233 mm Sand 
e Kennedy 0.549 mm S o d  
0 Lawsen 0.1 mm Sand 

Plate 0.253 mm Sand 1 
w Plate (X350 mm Sand 
u .Piale 0.448 mm Sand 
s Aalr  0.545 mm Sand 
t Simanr r$ ab 0.45 mm Sand 
s Tison Q04-175 mm Swrd 
r Twbokl r t  o i  1.03 mm Sand 
a Tsubakl rt a1 126 mm Sond 
A Tsubofl el d 146 mm Sand 
p Tsubakl r t  ab 228  mm Sand 

OulWI 

a hf ldmes  

Fie. 5. Cornparisen of pralisted and abed ranges of Wd. 





Most of the notation in this paper is the same as in Kennedy's 11963 paper (see 

B.3). New notation is as  follows: 

a0 - - equilibrium amplitude of bed f o m s  
- 
Tb = average sediment discharge in migration of the bed forms 

uc - critical velocity for initiation of sediment motion 

P - - ratio of bed-load discharge to suspended-load discharge 



1, Hayashi modified Kenndy's (1963) theory by adopting a slightly different 

transport relation, which takes account of the effects of bed slope on sediment dischage: 

1. Modified ~ t e r i a  for the conditions of oscumnce of different bed foms 

were obtained (Fig. B.5.1). 

2. Agreement of theoredcd and obsmed condtions for sccmnce  of different 

bed foms is quite sadsfactoy (Fig. B.5.2). 

3.  No new ~lafions for heights or waveiengrhs of bed %oms were developed. 

4. Hayashi recommendd 1.5 < C < 3. C = 2 appears to yield quite good 

results. 

5. 736s paper points up the impofimce s f  %o@d bed slope along the bed foms 

on their fornation and behavior. 



Flat Bed 

FIG. 4.-REGIONS O F  OCCURRENCE OF SAND WAVES FOR CASE C = 1.5 

Flat Bed 

k d  

FIG. 5.-REGIONS OF OCCURRENCE OF SAND WAVES FOR CASE C = 2.0 

Figure B.5.1. 
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0.14Smm S u n  

2.0 6 K-edv 0.233 m Sard 
* Kennedy 0549- Sun 

0.350 mm jard 
1.6 0.44n(lmm S u d  

0.545mm S u d  

F 

1 2  Trrutdr e l  *I. 126 mm S u d  
A T s u t d ~  el rl.  1.46mm S a d  

TsubrL~ st ri. 226 mm Sud 

0 8  

0.4 

0 
0 b 10 12 I4 I8 

PIG. 8 ON OF PJhlEnCTED REGIONS OF OCCUXRE 
WAVE C = 2.Q WTM mPEIIIMENTAL RESULTS ZED 
BY IWENNEDY (2) 



Most of the no~tioan in this paper is the same as in Kennedy's %963 paper (see 

B.3). New notation is as follows: 

C = dE2g6 f l I  

F - - Fmude number 

F1 - - m*mum. F for fornation of dunes 

F2 = maimum. F for fornation of mbidaunes 
- - tanh kd 

Fa minimum. F for function of antidunes: $ = kd 

- 2 coth kd 
Fm - F2 for C = 0; F, = kd 

T(x,t) = local sediment discharge 

a - - dimensionless coefficient 



1. Vodcity ~ m s p o r t  equafion. A sweam function is used to specify the 

mo~on .  Wence, a 2-D andysis). 

2. Continuity quadons for suspendd load md bod load 

3. Transport fomulas for b d  load and suspended load discharges. 

4. Assumption that eddy viscosity is uniform over depth and there is a "slip 

velocity" at the bed between the flow and the bed. 

5 ,  Perrurbation stability analysis. A sinusoidal perrurbaf on is introduced in 

bed level and water surface. 

6 .  Boundary conditions: (a) vanishing vertical fluxes at bed and water surface; 

(b) no shear stress at water surface; (c) appropriate desdption of bed shear 

stress in terms of slip velocity; and (d) relation between bed shear stress and 

sediment concentration at the bed. 

1. When bed load discharge is neglected, bed instability is predicted for a 

rmge of Froude numbers aound and above unity (antidunes). Upper limit 

is given by 



( s m e  as p d i c t d  by Reynolds 1965), a d  lower limit is dven by 

(see Fig. B.6.1). 

2. When bed load discharge is includd, bed instability is predicted in the 

lower range of Froude numbers as well (dunes) (see Fig. B.4.2). 

3. Complete solution is seen in Figure B.6.3, 

4. No preaiction of dune height is given. 



Stability diagram for the case of negligible bed load, corresponding 

Figure B.6.1. 



Stable 

- \ 

r,.-,es of neutral stability 

F I G ~ E  6. Asymptotic stability boundaries. Experiments by Guy, Simons & Richmcbon 
(1966): 0, d = 0.19-0.47 mm; and by Kennedy (1961): x , d = 0.23-0-55 m. 



I Stable 

Dunes 

FIGERE 10. Stability diagram for the complete solution. The parameters are 
VIV,  - 21 and U,/(wF) = 1. 



d - - 

D - Wow depth 

F - - h u d e  number 

k - - wave number 

Uf = friction velocity 

v - - mean velocity 

W - - fall velocity 



2, Flow continuity 



1. For the case of zem fiction (f = 0; C& -+ -), the bd-fom celleity is 

aund the b d - f b m  height (see Fig. B.7.1) is @ven by 

2. The comsponhg results if fiction is included are 

and 

3. General expression, without specification of a sediment-~anspon relation, 

for vb is 



The relation was emlier obtained by Reynolds (1965) and Gradowcy& 

(%968), 

4. If d y n ~ c  e f f w ~  are neglect4 (I? =. Q), (7) yields, for n = 3, 

which is identicall (except for a) to Yalin's (1964; see Section G.2) Eq. 13. 

5 .  Gill presented no verification of his results. 



x 

FIG. I.--DEFINITION SKETCH OF OPEN CHANNEL WATER FLOW 

PRVINGUUR WAVE SlNUSOlDAL WAVE 

FIG. 2.--DEFWITION -TCB OF TRIAWG &ID S M W I D A L  BED WAVES 



Some n o ~ ~ o n  is defind in the f i g u ~ .  

particle diafneta 

Dmy- Weisbach fiction factor 

Fmude number 

gravity acceleraeion 

exponent in (3) 

water discharge per unit width 

sediment discharge per unit width 

specific gravity 

time 

mean velocity 

celerity of bed forms 

a - - 1 2 dune-shape factor ( a  = 2 for triangular. a = -for sinusoidal) 
7T 

Y - - specific weight of fluid 

Z - bed shear stress 

z, - - critical bed shear stress for initiation of motion 



1. S m e  as &at of Engelund (1970) 

2. Influence of gravity on bedload transport is accounted for in transpofi 

relation: 

1, Stability criteria are somewhat different from those obtained by Engelund. 

(see Fig, B.8.1). 

2. By investigaring growth of dunes using second-order-approximation, 

theory e x p l ~ n s  asymmeq of dune shape (steepening of the downstream 

faces). 

3. No rella~on for dune height is derived. 



/ 
Moving upstream 

downstream 

0 0.5 I .O 1.5 2.0 

kD 

FIG- 2. Stability diagrams. ViU,,, = 20. ( a ) p  = 0. ( b )  p= 0.1. Experiments by G u y  et al. 
(1966): x , antidunes; @, standing waves; 0, dunes; LL, lower h i t  to sediment transport, 



particle diarmeter 

deph 

Froude number 

gravity csnsrant 

local bed slope 

wave number 

bed-load discharge 

specific gravity of sediment 

coefficient (2 0.1) 

<Db = A [(s- l)gd3] 

Z - - bed shear stress 



B.9. Richards (1980) 

au au ap a a 
U-+ W----= ----+---T,,+-T,, + gsin a ax az ax ax az 

2. Fluid continuity 

3. T m s f o m d  coordinate system 

where 

F(.") = 
sinh k(D-z*) 

sinh kD 

4+ C%osure relations expressing turbulent stresses in terns of turbulent kinetic 

enerm and its dissipation rate (equations not included here). 

5 .  Se&ment-mspfi relation 



7 .  Pefiwbd bed-load &schapge taken to be 

8. Lindzation of equations to first order in bed forms steepness h&. 

9. Examination of maxima of bed-shear-stress variation along x, and thus also 

of qb (through (6)) ,  to find wavelength that has fastest growth rate. 

1. Finds two maxima in bed shear stress. Argues that one corresponds to 

ripples, the other to dunes. 

2, For ripples 



for 1.4 s j3 < 2.9. L is independent of depth. B d  is always stable for P > 

2.9. 

3,  Sability IiHlits and d ~ ~ n m t  wavelength f ~ r  dunes @ven in Fig. B.9.2. 

4. h m  e x a ~ n a t i o n  of roughness length z, for flow over moving beds, 

concludes 

for ripples. 

5 .  Theoretical prediction of dune wavelength (see, e.g., Fig. B.9.2) are 

consistent with results of flume experiments cited by Allen (1970) 

and Allen's (1970) empirical relation 

(see Fig. B.9.3). 



FIGURE I .  Befhition sketch of flow region. 

Figure B.9,1. 

Stable 

1 2 
kD 

F I ~ ~ R E  10. Stability limits to the formation of dunes; Dlz, = 3 x 103, B 
The dashed c w e  corresponds to the f a a ~ s t - p ~ g  wevenmber.  

Figure B,9,2. 
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e0G6 
Equation (5.6) a / / "  

I @ $/ 0 /- Equation (5.7) 

I 10 100 
Mean depth, D (m) 

FIGURE 11.  Comparison of observations of the group mean wavelength of dunes from flume, river 
end marine environments (taken from Jackson 1976) with the model's results: 0, observations; 
@, z,, = 0.1cm; A , r ,  = 0.25cm; +,z, = 0.6cm; .,z, =. 1.0crn. 

Figure B.9.3. Equation (5.6) is (1 1); Equation 5.7 is (12). 



Some notation is defined in the figures. 

bed-particle diameter 

gravity acceleration 

2nlL 

A = wavelength 

exponent 

porosity of bed material 

bed-load discharge 

perturbed (by bed waves) bed-load discharge 

bed shear velocity 

U,W = mean velocity in x,z direction 

x*,z* = curvilinear coordinate system such that z* = const are (approximately) 

smmllines 

QI = roughness length 

P = cmfficient defind by (8) 

hr,d = wavelengh of ripples, dunes 

z~~~ etc. = smss (usual subsCPdpt notation) 

b = bed shear smss 



'This aanadysis will be d e ~ M  in g a t =  derail because of its p d c u l a  ~elevmce to 

rhe present project. 

P n t e ~ ~ o n  of (1) yields for bed forms ~ p r i n g  without & a g e  of fom 

2, If all materid is transpoptd as b d  load (qo = O), M-form celerity is 

3. From (2) and (3), 

4. Sedment-mspn relation 

@b ' a(@") 

5 1 



where 

To accour for locall effects of bed slope, F&so$: -& 

h -- 
H - @b (e,, to,) 

Dishbution of shear stress along upseeam face of dune (infemd from 

exprimend results) 

where f @) is obtained from experimental data on the distribution of 

boundq shear downstrem h m  a r e m x d  facing step on a rigid bed. 

6 .  Adopt Meyer-Peter fornula to get form sf  (5): 



%hen (5), (6), ('7) md (8) yield a &fferential quaaion for h 

where 9* is given by (9). 

1. Shape of bed foms is obtained by integrating (11) numeficallly, with * 
upsweam boundary condition 0 = 8, at h = 0. At bed-form crest, 0' = Otop 

on right side of (1 1). Downsmam face of bed fom is taken to be at mgle 

of repose of bed mate~d.  Bed sbress is obtained from 

Typical shapes of bed foms are shown in Fig. B. 10.2; bed-form steepness 

is shown in Fig. B. 10.3. 

2 .  Bed-fom height is calculate$ by in~duc ing  a disturbance at the crest and 

exmining condiaions under which it is stable. Result is 



Theore~cd dune-height v ~ a f i o n  with 8' and d is shown in Fig. B.10.4. 

Ffiction relation is obbined by applying Cmot's relation, as used by 

Engelund, md the &eoretical ~laf ion for h/Ea, (4). Result is 

4. Combining friction and wavelength relations, (14) and (15), gives bed-form 

steepness as shown in Fig. B.10.5. 



FIG. 1 .Adini t ion Sketch of Migrating Dunes 

glG. 5.Aamples on Calculaed Dune Profiles and Variation in Bed Shear along T h m  
Profiles: (a) 0% = 0.057, N/D = 0.04, 0, = 0.05; (b) 0% = 0.30, HID = 027, 8, = 0.05 

Figure B. 10.2. 

FIG. 8.--Variation in Length-Weight Ratio with Bed Shear Stress for DMerent Grain 
Sizes 

Figure B.10.3. 



FIG. 8.-Variation in Dune Height--Water Depth Rrao with B d  Shear Stress for Dif- 
ferent Grain Sizes 

Figure 13.10.4. 

FIG. 10.-Variation in Length-Height Ratio with Total Bed Shear Stress lor Dmerena 
Grain Sizes (211 

Figure B.10.5. 



The authop's full nomti,on list is ~ p d u c d  here. 
migration velocity of dunes; 
Fourier-coefficient for p e a h a t i o n  of bed; 
drag coefficient; 
maximum drag coefficient; 
mean grain diameter; 
water depth; 
mean boundary layer thickness along dune; 
Froude number; 
acceleration of gravity; 
local dune height; 
perturbation of dune; 
maximum dune height; 
height of upstream step; 
bed roughness; 
wavenumber of bed perturbation; 
dune length; 
porosity; 
bed load sediment transport; 
suspended sediment transport; 
constant; 
total sediment transport; 
sediment transport at dune top; 
change in sediment transport, due to perturbation of dune; 
relative density of sand grains; 
time; 
near bed flow velocity; 
effective shear velocity; 
fall velocity of suspended sediment; 
coordinate in flow direction; 
constant, defined in Eq. 21; 
phase lag; 
displacement thickness; 
upstream boundary layer thickness; 
eddy viscosity; 
water surface undulations; 
effective dimensionless shear stress; 
dimensionless shear stress due to f o m  drag; 
critical dimensionless shear stress; 
local dimensionless shear stress; 
dimensionless shear stress at top; 
maximum dimensionless shear stress; 
local dimensionless shear stress including effect of gravity; 
imaginary unit; 
constant, defined in Eq. 4; 
&nsity of waeeb; 
dimen$ionless sediment m v n ;  
dimensionless bed load mnsglopl; 



B.11. Haque m d  M & m d  (1985), 

This paper is the culmination of a series of publications (cited im the paper) by these 

authors on the subject of ~ p p l e  and dune geomew. The first of these publications was 

Haque's (1970) M.S. thesis, under Mahmood, submiaed to Colorado State University. 

1. The flow is treated in two p m s  (see Fig. B.ll.l): an attached-flow zone 

dong the upstream slopes of the bed forms; and a downstream wake-flow 

zone in which the free streamline is calculated in the basis of potenmd-flow 

theory. 

2. Admissible bed-fom shapes obtained by analyzing the potential flow over 

an infinite train of bed f o m s  (Fig. B,11.2), to find profile meeting two 

requipements: 

(a) mere is a standing eddy downsmm from each bed form. 

(b) The velmity ga&ent dong the b d - f o m  profile is continuous at the 

sepanrafion point. 

3 .  Sediment continuiy 

4. S d m e n t - m s p a  relation 



5 .  Equations and boundary conditions of potential flow. 

6.  Case of finite depth and rotational inviscid flow is handled using finite- 

element techniques. 

1. Mathematical relation obtained for upstream faces of bed forms is shown in 

Fig. B. 11.3, along with bed-profile data from ACOP Canals (in Pakistan). 

Results imply homologous shape of all ripple and dune profiles. 

face of bed forms is about two-thirds of their total length. 

3. For case of infinite depth, bed-form steepness is given by 

4. Finite-element analysis yields results shown in Figs. B.11.3, B.11.4, and 

B,11.5 for steepness and relative depth of bed forms. Optimization is 

obtained by minimizing differences between values of left-hand and right- 

hand sizes of (2). 



A,GLE ,A S T A G N A ~ O N  
REPOSE POINT 

RG. I.-Schemetle Sketch for Ripple or Dune 

Figure B.111.1. 

FIG. 3.-(a) Infinite Squence of Alternating Wedges awd Eddies; and (b) Deflnl- 
tlon Skach for B & f ~ m  StPap Fundions 

Figure B. % 1.2. 



r~~VAhLJE OF EXPONENT m raJWEL.4 f lVE  DEP 7%' 8/1. 

RG. 9.-Efwt of Flow Depth on Optimal BsQlfom Sfmpness 

RELATIVE DEPTH D/L 

FIG. 40.-Rebtionskip b W w n  Optimal Bedfom Stepness and Relative Depth 
tor DiHerent Values of M 



0 01 0 10 1.00 

FLOW DEPTH RELATIVE TO BEDFORM LENGTH d/L 

FIG. 11.-Comparison to Observed Data 

Figure B. 1 1.5. 



The author's full notation list is reprcsducd here. 

height of the separation point hom the stagnation point, 
celerity of bedfoms, 
depth of flow at the crest, 
average depth of flows, 
error between functions V and N, 
bedform height, 
dimensionless length of the upstream face, 
bedform length, 
eddy length, 
a dimensionless index, 
the bedform shape function, 
volumetric sediment-transport rate per unit width, 
sediment-transport rate at the crest, 
time in the fixed and the moving frame of reference, 
magnitude of local velocity, 
velocity tangential to bed at the crest, 
undisturbed velocity at infinity, 
(u/uC)",  normalized veloaty function, 
coordinates of a generic point in the fixed or moving frame 
of reference, 
coordinates of a generic point in the moving frame of refer- 
ence, and; 
a constant roughly equal to 0.8. 



The complexity of Aver-flow phenomena, and the 

&fficulties encowterd in ~ a k i n g  &ern via the f o m ~ s m  of mathematied fluid mechmics, 

have promptd re so^ to purely empecal me&&s of conelading the v ~ a b l e s  of interest 

a d  impoflance to river engneers. This line of ateack was begun in the %9& ccentq,  by 

pmponents of "regime &eoy" who sought reliable design eidelines for %he f iga t ion  

canals of India, which eanspopeed flows with significant sediment c o n c e n ~ a ~ o n s ,  and 

often presented major m~ntenance problems  sing from bed scow or deposition, or 

unstable chmnel dignment (ba& erosion). It w a  only n a t m l  that dimensional mdysis  

and related approaches be ufilized also to p r d c t  and qumtitatively descibe riverine bed- 

forms. 

Eight of the pfincipd b d - f m  papen of this are su arized in this seekion. 



1. Dimensional malysis showing ha t  dune steepness is a function of two 

&mensionless quanfities: 

1. Funcrional relationship for ( I )  is obtained by cuwe fitting using laborato~y 

and field data (Fig. 6. 1.1 for ripples; Fig. C. 1.2 for dunes). 

2. Cktegia for diffef-ent flow regimes are established pig.  6.1.3). 

3. No separate relations for dune height and dune leng& result from this 

analysis. 



FIG. 6 VARlfllQN O F  WITH 
1 .- 

- 1  \1,d/v 

Figure C. 1.1. 

& e  

FIG. 2 VARIATION OF 1 WlTH ( ~ ~ - 5  1. AN0 
X 
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LIU - matrnai 1 4.40 mm 8 
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FIG. 3 CRITERIA FOR REGIMES OF FLOW 

Figure C. 1.3. 



d -- size of bed materid 

B -- depth offlow 

Fr = Froude number (= v/- ) 

h = average height of ripples or dunes 

V -- mean velacity of flow 

Ys9 ?If = specific weights of sdmena  , water 

X, = average length of dunes 

70 = average shear stress on the bed 



C.2, Yalin (1964) 

1. Dune gegsmew as shown in Fig. C.2,1. 

2. Assumption that 

'mzk 

3 .  Dimensional analysis yields 

1. Combining (1) and (2) yields 

If the vdation in z~/T,, is a result of the v ~ a e i o n  of flow depth, d, only 

(i.e., S = const), then 



2. Functional relationship for (4) is obtained by curve fitting using laboratory 

and field data (see Fig. C.2.2): 

3. For rough turbulent flow, X is unimportant, and (3) is reduced to 

For hydraulically smooth flow, d/D is unimportant, and (3) is reduced to 

A -- - const 

4. Functional relationships for (7) and (8) are obtained by curve fitting using 

laboratory and field data(see Fig. C.2.3): 

const -, 1 0  (X < - 20) (10) 

Hence, 



h-,lOOOD. (X<-20)  

5. (1 1) applies to dunes, and (12) to ripples 



FIG. 1 



l g 0  
a""" 



FIG. 4 

Figure C.2.3. 



grain-size 

depth of flow 

Froude number 

function of 

slope of uniform flow 

average velocity of flow 
7 4 zdp = shear velocity 

v,Dp/p = grain-size Reynolds number 

specific weight of fluid 

sandfwaveheigh t 

angle of repose 

sand-wavelength 

viscosity 

density of fluid 

shear stress on the surface of the bed = ySd 

shear stress at point B(see Fig. C.2.1) 

function of 

Subscript (cr) = critical value signifying beginning of particle movement. 

The bar over the symbols signifying values corresponding to flow over a flat bed at t = 0. 



C3. Ranga Raju and Soni (1976). 

I .  Assumption that all bed f o m s  are two-dimensional and of identical, 

hangullx fom. 

2. Dhensions (or scale) of bed foms are assumed to be directly related to rate 

of bed-load mnspoa. 

3 .  Equation for bed-load transport per unit width 

4. Empirical equation for migration speed of bedforrn 

5 .  Empirical relation between bed-load transport and grain shear stress 

in which 



in which 

2 .  Functional relationships for (5) and (6) are obtained by curve fitting using 

laboratory and field data (see Figs. (2.3.1 and C.3.2, and Table C.3.l). 

Relation obtained from Fig. C.3.1 is 

R; is obtained from 

1 I dl16 T J = - - R ~ ~ / ~ S  in -- 
*s - 24.0 

in m.k.s. units 

3. The authors find that more than 75% of all the data fall within a f 50% band 

m u n d  proposed curve. They also find that less than 50% of the data fdl  



within a f 50% band around the curve proposed by Yalin (1964) (see 

Section C.2). Comparison is shown in Figs. C.3.3 and (2.3.4. 



LL W I L L I A M S  ... ... 1.35mm 

t T S U ~ A ~ I  .. ... ) . I 6  m n  1 

variation de h/dF,'F, with s'. Fig. 2. Variation de h/dF13F, ava: 7'0 

Figure C.3.1. 

Variation of (L/dF,JF,)Rb/d with 7'0 Fig. 3. Variation de (L/dF13F2)Rb/d avec 7'. 

Figure C.3.2. 





Notations 

. D Depth of flow u, Shear velocity = &R,S 
d d,, = median sediment size, for which U ,  Velocity of bed wave 

50% of the material, by weight, is A Porosity s f  sand mass 
finer 

Acceleration due to gravity 
Average height of undulations 
Average length of undulations 
Manning's roughness coefficient for 
plane bed 
Hydraulic radius of the bed 
Hydraulic radius of the bed corres- 
ponding to the grains 
Water surface slope 
Mean velocity of flow 

Dimensionless transport parameter = 

Bed load-transport in weight per unit 
time 
Specific weight of the fluid 
Specific weight of the sediment 
Dimensionless shear stress 
corresponding to grains 
corresponding to grains = 

~j=R;sl(r, - ~ / ) d  
Critical shear stress 
Average shear stress on the bed 
Kinematic viscosity of the fluid 



C.4. Yalin and Karahan (1979). 

1. Dimensional analysis showing that dune steepness 6 (= &A) is a function 

of q ,  Z, and X: 

where 

Princi~al results and observations 

1. Analysis of data showing that when X > 25 (dunes), 6 is independent of X: 

6 = (S (q,Z) ( 5 )  

2. Analysis of data showing that when Z > ,- 100,6 is independent of 2: 

6 = (S('q) (6) 



3. Laboratory experiments are carried out to determine 6's dependence on Z for 

Z < ,- 100. Results we plotted in Figure 2. 

4. Empirical relation is established: 

6,, = (0.0127e-1)Z 

in which 5 = x/T and x = q-1. Fit is shown in Figure 3. 



FIG. 1.-Variation of Dune Stwp- with R & t i w  
otz 

Figure C.4.1. 

f lG. 2.-Variation of Dune Staapnmu with Relacivm Tractive Fomm tor Varioua Rangma 
ot Z 

Figure G.4.2. 



FIG. 3.--Relation between Normalized Dune Steepness and Tractive Force in  Logr- 
rithmic System of Coordinates 

Figure (2.4.3. 



subscript that signifies the beginning of sediment transpon ("critical 

stage"); 

representative size of the bed material (usually selected as D50); 

base of the natural logarithm; 

flow depth; 

shear velocity; 

grain size Reynolds numbep, 

dimensionless excess of the tractive force; 

value of x corresponding to Lax; 

dimensionless flow depth; 

dune height; 

dune steepness; 

maximum value of 6 corresponding to given (range of) Z; 

relative tractive force; 

dune leng&, 

kinematic viscosity; 

normalized value of x; 

fluid density; and 

shear stress acting on bed 



C.5 Jaeggi (1984). 

1. Analysis of laboratory and field data. 

1. Upper limit of alternate bar-formation 

0.15 
q = 2.93 In q~ = 3.13ZB 

(see Fig. C.5.1). 

2. Minimum slope of channel necessary for alternate-bar formation is 

where M varies from 0.34 for uniform bed material to 0.7 for widely graded 

material (see Fig. C.5.2). 

3. Scour depth due to alternate bar formation is 



1, 

FIG. 3.-4rlterlon of Alternate Bar Formation (7), Compared with Teet Results 

Figure C.5.1. 



FIG. 5.-Dlagram Glving Mlnlmum Slope tor Bar Formatlon for Channel Geometry 
and Bed Material (I!). [Also Indicated are Areas which Characterize Some Swiss 
Rivers which All Fall In the Corresponding Region (with or without Bar Formatlon)] 

Figure C.5.2. 



B - - channel width; 

di - - grain size within the bed material mixture; 

dm = Ididpi mean grain size; 

M - - parameter which is function of sediment grading; 

Pi - - proportion of grain size; 

S - - relative density of bed material; 

S - - scour depth; 

77 - - 8/8,,, ratio of Shields factor to critical Shields factor; 

QB = 8B/8,,, ratio of Shields factor characterizing bar forming "horizontal 

movement" to critical Shields factor, 

8 - - hJ/(s - l)d,, Shields factor, 

- ecr - critical Shields factor, 

OB = BJ/(s - l)&, Shields factor related to channel width 

Vm 
- - mean flow velocity; 



1. Regme xlation for meander wavelength 

h = aBP= ahp 

2. Einm s ~ b i l i y  analysis yields bar wave length of 

3. Dimensional analysis yields 

1. Functional relationships are obtained by curve fitting using Iaboratory data: 



and 

Figs. C.6.1, C.6.2, and C.6.3 present verification of (I), (6), and (8), 

respectively. 



FIB. 4.-Test of Eq. 2 

Figure C.6.1. 

flG. 8.--4B/d)o,u A/B versus BID for F 
h 0.8; Broken Llnes lndlcnte P-zslble 
Scatters; Data from Kurokl et al. Re- 
plotted from Ref. 20 

Figure (2.6.2. 

no. 12.+B/d)0.45 H , / D  versus B I D ;  
Broken Llnes lndlcate Posalble Scatters 

Figure C.4.3. 



numerical constant; 

channel width; 

resismce coefficient - g~Sm; 

mean depth of flow; 

sediment particle size; 

functional relationship in Eq. 5; 

Fmude number - U I ~ ,  

functional relationship in Eq. 6; 

gravitational acceleration; 

bar height; 

water surface slope; 

mean fluid velocity 

a - - numerical constant 

P - - numerical constant 

PsfP = mass density of sediment and fluid, respectively 



C,7. van Rijn (11984). 

1. Assumption that dimensions and migation speed of bed f o m s  are 

de temind  by pate of b d o a d  ~ransporr, 

2 .  Assumption that bed-load transport is described by: (a) a dimensionless 

e t a  Da; md (b) a msport-stage p 

3. Two equations for rate of bedload transport per unit width: 

1. Combining (3) and (4) yields 



It is assumed that 

so that 

and 

A=F(? ,  h D*, 

2. Functional relationships of (7) and (8) are obtained by curve fitting using 

laboratory and field data (see Figs. C.7.1 and C.7.2). 

and 

A 
- = 0.0 I 5 (9) O e 3  ( I -a - 0.5~)(25 - T) 
h 

Transport stage parameter T is calculated with u$ given by 



where 

3 .  The author notes that (9) and (10) yield 

h = 7.3 d 

which is in agreement with Yalin's result: A, = 2rrd 



# Delft Hydr: Lab. 

FIG. 2.-Bed-Form Height 

Figure C.7.1. 



transport stagz paramator. T 

FIG. 3.--Bed-Form Steepness 

Figure C.7.2. 



Chkzy-coefficient related to gains; 

bed-load concentration; 

particle diameter; 

particle parameter; 

depth; 

acceleration of gravity (LT-2); 

porosity; 

bed-load transport per unit width (L~T- 1); 

hydraulic radius related to bed (L); 

specific density = p$p; 

transport stage parameter 

mean flow velocity; 

velocity of bed-load particles 

migration velocity of bed forms; 

bed-shear velocity; 

bed-shear velocity related to grains; 

critical bed-shear velocity for initiation of motion; 

a - - shape factor of bedform; 

A - - bed-form height; 

6b - - thickness of bed-load layer; 

h - - bed-form length; 

v - - kinematic viscosity; 

P - - density of fluid; 

P s 
- - density of sediment; 



G.8. Menduni and Paris (1986). 

1. How over each dune is assumed to be unaffected by upstream dunes. 

2. Momentum equation applied to control volume around dune (Fig. C.8.1), 

which yields 

3. Dimensional analysis 

1. By replacing the right-hand-side of (1) with drag force relation obtained 

from dimensional analysis, (1) reads 

By rearranging (2), 



(Note that there are seve~d typing errors in the authors' equations. These 

emrs have k e n  comectd herein.) 

EEecfive shear smss is calculatd as 

2. Eaboratorly and field data (see Table C.8.1) are used to deternine C* as a 

function of Re*: 

C* = fi + KZ I0 (- K3rne*) 
Re* 



Table C.8.1. Experimental data ranges 

3. Maximum dune steepness is cdculated by setting %BIT =. 0 (Fig. C.8.2). Owe 

curve is for "wide channel" (B = m) and one for "nmow channel" (B -- 0). 

4. A comparison of measured and computed dune steepness is presented (Fig. 

C.8.3). 

5 .  The authors note that absolute maximum dune steepness is 0.07 (Fig. 

C.8.2). 



)X 

Fisure l. Sketch of control volume 

Figure C.8.1. 



Figure 5. Maximum thearctica! dune stcconess 

Figure C.8.2. 



dune steeoness 

-3.6 -3.2 -2-8 -2.4 -2 -1.6 -1.2 -0.8 -0.4 

observed 

Figure C.8.3. 



channel width 

form drag coefficient 

mean 

acceleration due to gravity 

flow depth 

dune height 

wavelength 

pressure 

dune Reynolds number - u*IIh, 

slope of water surface 

shear velocity 

P - - density of fluid 

Z - - total bed shear stress 

TB = effective bed shear stress 

v - - &nematic viscosity 



Following World Wm 11, and especially during the 1950's 

and 1 9 6 0 ' ~ ~  wind waves (water waves generatd by wind) received extensive reseach and 

engineefing anenlion. Several problems, including planning for the w h m e  mphibious 

landings the consmction of many off-shore s m c m e s ,  and the quest for better harbor 

design, prompted this wave resemch; review of these is beyond the scope of this report. 

Suffice it here to note that the differences between real wind waves, which include fairly 

wide spectra of wavelengths and periods, and monwhromatic waves, which had been the 

subject of most of the classical wave studies, tmd out to be quite impofiant. At about the 

same time, the problems of describing, managng, and separating electromagnetic waves 

comprising many frequencies came to the fore, especially in radio communication and 

related fields. The techniques, notably time-series and spectral analysis, used in describing 

random and other multi-frequency electromagnetic waves found direct application in the 

study of wind waves. (A fascinating and comprehensive description of these developments 

is presented by Kinsman (1965) in his classical book .) In the 1960's the 

decidedly non-monochromatic character of rjiverine ripples and dunes gained increasing 

recognition, so it was only natural to apply the techniques of electromagnetic-wave wind- 

wave analysis to the description, and to some extent the analysis, of these bed forms. 

Four of the numerous papers of this type are reviewed here, and others are cited. 



D. 1. Nordin and Algert (1 966). 

'This paper is the first to apply autocovariance and specml-densi~ analysis to bed 

forms, and as such was a major con~butican to the subject. The study reported in this 

paper was the Masters thesis research of Algerr (1965) carried out under the supervision of 

Nordin. The work was continued by Nordin as the subject of his Ph-D. thesis, which was 

also reported in a U.S.G.S. Professional Paper (Nordin 197 1). 

1. The established mathematical techniques used in autocovariance and 

spectral-density analysis. These are outlined in the paper. 

2. The estimate of the autocovariance function for discrete data given by 

3. The estimate of the spectral density function for discrete data given by 

2 n J j  
G(f) - Co + I (I - &) CJ cos - M 

where the variance Q is given by 



Note: It ~ g h t  be useful to r e ~ e w  bl-iefly some of the chmcte~stics of 

autwov&mce and speed densiv functions, First, it should be not& hat 

one caw sped  indifferently of the autocon%.elation and autocovdance 

functions because both exhibit prsisely the s m e  propengies; the fomer is 

simply the autmov~ance dividd by the v ~ a n c e ,  C,, so that the initid 

ordinate is uniey. Second, the specaal-density function represents, in 

general terns, a methd of assigning to any frequency or wave number a 

measure of its conbribaation to the "content" of the process or, more 

specifically, G(f) df represents the cow~bution to the variance from the 
df frequency range f _+ 

4- B d  pmfiles (bed elleva~ons measu~d at dismete, reguimly spaced points 

dong the chmnels) from seven flows: 3 in a 4-fwt-wide lab chmnel; 2 in 

an 8-fmt-wide channel; and 2 in the E o  Cmnde conveyace chmnel. The 

data for these flows are su  zed in Table D. 11.1. Tflicd bed profiles 

are shown in Fig. D.l.l, and the autocovaPiance and specwal density 

functions for Run 2 (see Table B. 1 .  1) are shown in Fig. D. 1.2. 

5 .  From inspection of covariance funcrions, the authors concluded that the 

dune prwess can be represented by a second-order autoregessive scheme, 

or a Makov second-order linear mdel: 



Physicd reasoning jus~fyhg this selec~on is presented by the authon. 

1. T p i c d  obsewd md computed specad d e n s i ~  funcaions we shown in Fig. 

D,%.3. 

2. The significmt wave height (average mpllitude of highest one-thkd of tile 

waves) wae found to be relatd to the v ~ m c e  by 

(For mem wind waves, the cmEcient is 4.) 

3. 1[-I 113 was found to be a line= function of unit &scharge, q, for all three 

chmnels. 

4. The h t  k e e  values of the cov&mce h n c ~ o n s  relate well to q, sugges~ng 

that the signficmt stahstics to generate the mdels which approximate the 

pmess are func~ons of simple flow p 

5 .  The tempord autmomllaaions (at a point) were similar to the spatial ones. 

Longer components were found to move more slowly. 

6. Nordin's (1971) continuation of this work showed that the spatid- 

kquency s p c m  can be nomdizd as 



(see E g .  D. 1.4). The equilibrium range of the spectrum is  seen in this 

figure to end at about 

which corresponds to a wave number, k = 2xf, given by 

This wave number likely represents the longest, highest bed waves. 



D I S T A N C E  D O W N S T R E A M  F R O M  W E A D B O X ,  I N  F E E 1  

FIG. 2.-BED PROFILES FOR DUNES IN LABOIL4TORY FLURIE 

Figure B.1.1 

k LAG INTERVAL,  I N  FEET 

WAVE LENGTH I N  FEET  
m 

5 0  2 5  166 124 10 82 7 2  6 2  5 6  5 0  

W 

a "7 WAVE NUMBER. C Y C L E S  PER FOOT 

FIG. 4.-AUTOCOVAIIIANCE AND SPECTIlAL DENSITY 
FUNCTIONS FOR RUN NUMBER 2 



MODEL - 
OBSERVED --- 

WAVE NUMBER. I N  CYCLES PER FOOT 

FIG. 8.-OBSERVED AND COMPUTED S P E C T R A L  DEN- 
SITY FUNCTIONS: RIO GRANDE CONVEYANCE CHANNEL 
NEAR BERNARD0 



FIGURE 30. - Dimenstunless spectra f11r the process ?.= y(.p.). 

Figure Do % ,4. 
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T A B L E  1 . -SUMMARY O F  HYDRAULIC DATA 

Table D. 1.1 

1 ~ ~ 1 1  

number 

'TABLE 2.-SUMMARY O F  STATISTICS 

Dune length 
of mnxiniui~l 

vnrin~lco. 
in feet 

(8) 

2.56 
2.70 
3.34 
8.4 

1 :1.4 
5 0 
4 0 

Table D. 1.2. 

1 16 



The author's full notation list is fepPoducd here. 

A = dune amplitude, in feet; 

Co = variance o r  a:, in square  feet ;  
Cx = autocovariance functionkin square  feet;  

~ ( f )  = expected value of f ;  
f = wave number of frequency, in cycles  per  unit lag, cycles  per foot, o r  

cycles per second; 
~ ( f )  = observed spec t ra l  density function f rom da ta ,  in cubic feet;  
g ( f )  = spec t ra l  density function model. in cubic feet ;  
H1/3 = average of one-third highest dunes,  in feet;  

L = total distance interval considered,  i n  feet;  
P = distance along the bed profile,  in  feet;  

M = maximum lag used ; 
N = number of data  points in a profile; 

R~ = multiple correlation between x ( E ) ,  X(P  - 11, X ( P  - 2) ; 
r k  = correlation coefficient, Ck/Co; 
T = t ime period for a dune to pass  a given point in minutes; 

~ ( i )  = the process  of bed elevation X a s  a function of distance downstream, 
P ,  in  feet;  

~ ( t )  = the process of bed elevation X a s  a function of t ime,  t ,  in feet;  
~ , ( f )  = a random process  with orthogonal increments;  

a = autoregressive coefficient; 
0 = autoregressive coefficient; 
r = dune length, in feet;  

€1 = random par t  of the p rocess ,  x ( I ) ,  in feet;  
8 = angle of repose of bed mater ial ,  in degrees ;  

= lag interval, in feet ;  and 
o, = variance of EP, in square  feet. 

V E mean velocity 



1. B b s e w d  &om data of Nor&n and A%gefi (1969) m d  Ashida and Tm&a 

(1967)'that log-log plots of sand-wave specea display an "equi%ib~umM 

m g e  whepeh 

2. Conesponding power law (Kolmogorov) for ~ rbu lence  is 

3. dons of autmomlabion funcbions for q and q' yield 

4. S m l  has dimensions k-1. Slope q' of sand waves cannot exceed angle of 

repose of bed material. Therefore 

5 .  (4) and (5 )  yield 



1. Fig. %$.%.I. shows tgrpical ~ s u l t s .  

2. The lower limit of the rmge of the "-3 power law" is @ven by (see Fig. 

D.2.2) 

3.  Ripples (as opposd to dunes) tend to c o d o m  to a "-2 power law". 

4. Qumtification of a(@) from experitanentd data led to 

as relation for spectral density function in the equilibrium range. 



4 
2  4 6 8 1 0 - ~ 2  4 6 8 1 0 - ~ 2  4 6810-I  

k (cyclcm) 
Wave-number spectra of sand waves compared with the ' - 3 power law, (10). 

(Cunves are replotted from the graphs by Nordin G;. ;Ygert (1966).) 

Figure D.2.1. 



Relation between tho iolver limit wave-number Iz ,  of the '- 3 powor law' 
the depth of flow I&.  

Figure D.2.2 



E(k) =. mbulence q e c d  densiey func~on 

h = flow depth 

k = wave numkr = VE, (not 2xL )  

6, = wavelengh 

Sqq(k) = bd-wave pmfile s p c M  density function 

Srlyt(k) = bd-wave slope s p c ~ a d  density fuction 

a(@) -- same function of @ 

4 - angle of repose of bed sediment 

~ ( k )  =: wind-wave spcnal densiry function 



D.3. Annmbhotla, Sayre and Livesey (1972). 

This study was, in many respects, a continuation and extension of the work of 

Algert and Nordin (see Section D.1) on Lhe application of time-series or spectral amdysis of 

bed foms. Its pfincipal new contributions were: 

1. Application of zero-crossing analysis to bed foms .  This involves 

detehnation of a best-fit (according to whatever measure of fit is adopted) 

straight or monotonically curved line to the smoothed bed profile, and 

analysis of the distances between successive crossings of the best-fit line by 

the actual bed profile; see Fig. D.3.1. 

2 .  Statistical analysis of detailed bed-form data from a moderatley large river 

(the Missouri River). 

3. Filteing of the raw bed-profile data to eliminate the very Isw-frequency 

(long wavelength) components due to meanders, spur dikes, etc. (see Fig. 

D.3.2). The autxomlafion and spec~a l  mdyses were based on the filtered 

data. Figure D.3.3 shows typical autoconelation and spectral-density 

faancfions for the u f i l t m d  and filterd data 

4. Frequency-dis~bution analysis of the: bed-elevation deviations from the 

mean (&st-fit) line; wavelength; md amplitudes of the bed waves. 



1 .  The hyhulic  data for the flows that p r d u c d  the b d  pmfdes analyzed are 

@ven in Table D.3.1. 

2. The results obtained from the spectral analysis are summarized in Table 

D3.2.  

3 .  The results obtained from the zero-crossing analysis are su 

Table D.3.3. 

4. Weighted-average bed-wave characteristics are summarized in Table D.3.4. 

These were obtained by weighting the wave heights and lengths by: "the 

ratio of the product of the partial discharge assignable to a sailing line and 

the subreach length to the product of the total river discharge and the 

combined lengths of all sailing lines" (pp. 506-7). 

5 .  An overview of the results of the study is presented in Fig. D.3.4. 

6 .  The bed-form friction factor was found to correlate well with a modified 

relative roughness (see Fig. D.3.5). 

7 .  The author's conclusions concisely state their principal findings, and are 

reproduced here (p. 508); 

1. The zero-aossing distances and mpiimdes analysis method is better 

suited thm the spectral analysis methd for obtAning chxactefistic wave 



heights and lengths from river data. This is mainly because the former 

method requires only stationarity of the mean, whereas the latter requires 

both mean and covariance stationarity. Bed profile data from rivers, even 

after filtekg, are apt to be nonstationary in the covariance. 

2. Bed elevations were found to be distributed approximately according 

to the normal probability law. The approximation was found to be better for 

the filtered than for the unfiltered data. 

3 .  Wave lengths, amplitudes and heights, determined from the filtered 

data, were all found to be distributed in approximate accordance with the 

exponential probability law. 

4. The bed form friction factor, f ' ,  was found to decrease 

approximately exponentially with increasing values of the modified relative 

roughness, RI(eH), asymptotically approaching zero as the contribution of 

the grain roughness to the total resistance becomes predominant. The 

parameter l / q  was found to vary with RI(eH) in a manner that is roughly 

consistent with the von Karman-Prandtl logarithmic law for rough 

boundaries. Variations in the size distribution, shape and geometrical 

arrangement of bed forms, which are not adequately accounted for in the 

parameter, RI(eH), are likely contributors to the scatter. 

5. The roughness of the bed was observed to vary inversely with water 

temperature. However, changes in Lo, N, e, REIeN, and f' all tended to 

lead, sometimes by as much as 2 months to 3 months, rather than to lag the 

change in temperature. The reason for this is not understood, although it is 

suspected that unidentified factors such as seasonal variations in sediment 

size and supply may play a role. 
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FIG. 1.-DEFINITION SKETCH O F  CHANNEL BED PROFILE 

Figure D.3.1. 
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FIG. 2.-RAW AND FILTERED BED P R O F E E  DATA FOR: (a) KUN R22: AND ( h )  RUN 
R58 

Figure D.3.2. 



FIG. ?.-AUTOCORRELATION AND S P E C T R A L  DENSITY FUNCTIONS FOR UN- 
F I L T E R E D  DATA FROM ItUN R22 

FIG. 5.-AUTOCORRELATION AND S P E C T R A L  DENSITY FUNCTIONS FOR 
F I L T E R E D  DATA FROM RUN 1122 

Figure D.3.3. 
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Figure D.3.4. 



FIG. 8.-VAI<IATION O F  BED FORM FRICTION FACTOR WITH hlODIFIED RELA- 
TIVE ROUGHNESS 

Figure D.3.5. 
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T A B L E  3.-WAVE LENGTHS AND AMPLITUDES FOR REPRESENTATIVE RUNS 
OBTAINED BY ZERO-CROSSING AND AMPLITUDES ANALYSIS 

Positive Negative I wave Lengs I Amolibde I A r n ~ l i b d e  I I 

Table D.3.3. 

T A B L E  4.-AVERAGED P R O P E R T I E S  O F  B E D  FORhfS 

'Trnnaltlon, plnnc 

Trnnsitlon, plane. 

Plane, transltlon. 

Table D.3.4. 
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The author's full notation list is reproduced here. 

( I +  = positive amplitude; 
n-  = nebative amplitude; 
C,, = coefficient of variation; 

e = roughness concentration, defined a s  H/L,; 
.f = Darcy-Weisbach fr ic t ion fac tor ;  a l so  frequency o r  wave number;  

, f t  = coniponentof fr ic t ionfactor  associated with sand grain roughness; 
, - 1 1  = component of friction factor  associated with form roughness; 

(;,\(/) = physically realizable one-sided spec t ra l  density function: 
g = gravitational accelerat ion;  

I1 = dune height defined as vert ical  distance between maximum and 
minimum elevation between successive zero-crossings;  

FIT = itidex of dune height (equal to 20~); 
H ( f )  = frequency response function; 

I N ( l ' )  l = gain of f i l ter ;  
Ir = arb i t ra ry  wave height; 

k ,  = equivalent sand roughness;  
L = wave length; 

L, = wave length obtained f rom zero-crossings analysis ;  
.li = niaxin~uni number of lags in spec t ra l  estimation; 

Moni,. = 7th mon~ent  of spec t ra l  density function; 
AT = number of data in sample  of bed profile; 
no = number of zero-crossings in given length, A', of sample;  

R ~ ( X )  = autocovariance function f o r  y ( s ) ;  
S = energy s lope;  

St = coniponent of energy slope associated with sand gra in  roughness; 
Su = coniponent of energy s lope associated with form roughness; 

I I  = mean flow velocity; 
X = length of sample record ;  a l s o  a random variable;  
u = distance along length of channel o r  sample  record ;  

l'(t ) = Fourier  t r a t ~ s f o r m  of )I(.\.); 

Yt( , t  ) = Fourier  t ransform of v t ( x ) ;  
s(s) = bed elevation a t  dis tance x;  

I * ' ( \ )  = bed elevation a t  dis tance x fo r  raw data  before filtering; 
{ \ . ( I  ) )  = stoclinstic p rocess  defining bed elevation; 
; ( \  j = slandardized forni of ratidom variable y ( .u ) ;  

CY = paranieter  of f i l ter ;  
A2 = spectral  width; 
An = sanlpling interval; 

K = von Karnian's constant; 
A = Lag distance; 
v = kinematic viscosity; 

( I ,  = standard deviation of 11; and 
:- 2;; = c i rcu la r  frequency. 



D.4. Jain and Kennedy (1974). 

1, B d  profile is expressed in terns of its Fourier components. 

2. Velwitgr potential for flow shown in Fig. D.4.1 over wavy bed given by ( I )  

is 

where 

cosh ky + F2kd sinh k 
J(k'y) =F2kd  cosh kd - sinh kdY 

3 .  Sediment continuity 

qt + T x = O  

Note: subscripts denote partial diffemtiation. 

4. Transport relation of Hayashi (1970) 

T(x,t) = m[l + aqx(x,t)l[(U - UC) + $X(X - P, - 401" 
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5 .  (4) and (5) yield qt(x,b), which is Fourier m n s f o m d  to yield 

Bt(k,t) - ;ITk2[a - in1Jlexp(- &P)]B(k,t) -. 0 

after substimtion of (5) and (6). 

6. Solution of (6)  is 

7 .  Specmm of bed profile is obtained by ensemble avera@ng the product of 

(7) and its complex conjugate 

8. S p e d  c of contribution to @ with wave number k is found from Eqs. 1 and 

7 to be 

9. ized growth rate of spectrum is 

which has a singularity at the Airy celerity 



~2 = tanh kd/kd (1 1) 

Component with wave number given by (6) develops linearly with time 

even on a flat bed: 

U Ak2 ' =Ln' (U - U,) sinh kd cos k(x - p)] t 

10. Normalized growth rate given by (10) is shown in Fig. D.4.2. 

1 I. A "conservation of variance" principle is formulated as (see Fig. D.4.3) 

12. For sufficiently large kd, J1 approaches infinity and Eq. (9) becomes 

c -Tn lk  (14) 

1 3, For steady-state conditions (equilibrium range), (1 3) becomes 



which, with (14), yields 

0 - k-3 

1. Spectra of bed forms developing on an initially flat bed exhibit two peaks, 

as predicted by (10) (see Fig. D.4.3). One peak is at the Airy celerity given 

by (11). 

2. Author's explanation of evaluation of spectra is as follows: 

At small times the spectra of bed forms developing on an initially flat bed 

are characterized by two peaks. One peak, generally that at the lower spatial 

frequency, traces its origin to the velocity-field perturbation and 

accompanying pattern of differential deposition and scour on the bed 

prduced by a small mplitude, stationq surface wave; i.e. a wave train 

moving relative to the fluid with velocity just equal in magnitude but 

opposite in direction to the mean flow velocity. It is this equality that 

determines the frequency of one spectral peak. The second peak 

corresponds to bed waves resulting from the inherent instability of an 

interface between an erodible bed and a turbulent flow. Over wide ranges 

of flow conditions any small initial disturbance on an otherwise flat bed will 

produce a perturbation of the velocity field and hence also of the sediment- 

msporb distribution, giving rise to a spatial pattern of scour and deposition 

that produces bed waves. This instability mechmism is not dependent on 
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the proximity of a free supface; it also produces, for example, ripples in very 

deep tidal flows and aeolian ripples on wind-swept sand deposits. The 

spatial frequency at which it is centered is a function of the flow and 

lranspo~l characteristics, reflected in 1111% $1 and Pld, and can be expected 

to mcur at the value of kd where P, given by (10) and ilius~ated in figure 2, 

has a continuous maximum. Equation (9) indicates that the two different 

families of waves will move with different speeds, and this frequency 

dispersion probably accounts for the shift of the nomalized spectra--- 

towards the lower frequencies as the bed configurations develop and 

mature. 

This "variance-cascade" process, involving interaction between the warer- 

surface (Airy) wave generated bed forms and the bed forms produced just 

by the bed-flow interaction was verified by the experiments of Nakagawa 

and Tsujimoto (1984). 

3. Normalized (by do2~5/3) spectra conform to (16) (see Fig. D.4.4). 

4. Nsmalization by F ~ D  suggests 

which is supported by Jain's data (see Fig. D.4.5). The data given in Fig. 

D.4.5 yield 



Nordin's data conform better to 

The field data of Annambhotla et al. (1972) do not conform to the relation 

suggested by Fig. D.4.5. 

5. Examination of bed-wave spectra of several authors suggest F ~ / ~  to be 

preferred in the spectrum normalization factor. 



F r G u R E  I .  Definition sketch of free-surface flow over a n  irregular erodible bed. 

Figure D.4.1. 

FIGURE 2 .  Vt~rilrtion of n o r m u l ~ z r ~ l  zrowtll rut0 r with kd. c ~ t l ~ u l i ~ t c d  
from (15) for ~ , / z  = 1 .0 .  /~ ' /d  = 0.72 1~nc1 F = 0.44. 

Figure D.4.2. 

140 



k - d k '  k k 

1:1crne 5 .  Schc~matic rcprescntation of ciiffcrcntial rc.ltitiol: for 
bed-nave v~~r iancc ,  e q ~ ~ n t i o n  ( 1 !)). 

Figure D.4.3. 
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FIGURE 6. Non-dilnensional plot of Jain's (1071) spectra da ta  illustrating occurrence of 
minus-three-power law a t  highor frequencies. 

a 9 9 ~ 0 0 8 0 s  0 
U ( f t / ~ ) l . 4 1 0  1.625 1,145 1,262 1.330 1.442 1.350 1.560 1.210 1.320 1.110 
d ( f t )  0.380 0.331 0.048 0.253 0,167 0.246 0.437 0.401 0.335 0.353 0.417 

Figure D.4.4. 



FIGURE 7 .  Relation between E ttnd normnlizctl wavclcnqtll for .Jtun's (1'37 
and Nordin's ( 107 1)  tli~ta. @, Juin's da ta ;  c .  Sordin's dntn. 

Figure D.4.5. 
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Some of the notation is defined in Fig. D,4.1. 

function defined by (1) 

celerity of bed-wave component with wave number k 

Froude number = u/- 
gravity constant 

Fl 
function defined by (3) 

function defined in (6) 

-J(k' ,-d) 

wave number = 27t/L 

wavelength 

coefficient, exponent in sediment transport relation, (5) 

zeroth, second moment of spectral density function 

nU/(v-U,) 

time 

local volumemc sediment discharge per unit width 

average voIurnetric sediment discharge per unit width 

critical velocity for initiation of motion 

a = coefficient of bed-slope term in (5) 

r~ = sediment-transport lag distance 

F = normalizedspectralgrowthrate;(10) 

$ = velocity potential 

0 = spectral density function 



11%. CURRENT STATUS AND PROSPECTS 

Smtion B of this chapter will precis what presently is known 

about the formation, behavior and characteristics of alluvial bed forms, and the principal 

deficiencies in our knowledge about them. Section C is given over to a (somewhat philo- 

sophical) discussion of the stumbling blocks that arise in fomulating theories of bed-form 

behavior. The focus of this chapter is very long riverine dunes (so-called megadunes). 

The following features of riverine bed forms and their 

behavior may be considered as fairly well to firmly established: 

1. Bed forms are the result of an instability that is inherent, under most flow 

and sediment conditions, in the interaction between the primary shear flow 

and the bed, or between velocities induced by standing (stationary) surface 

waves and the bed (Exner 1925; Anderson 1953; Kennedy 1963, 1964, 

1969; Reynolds 1965, Hayashi 1970; Engelund 1970; Fredsoe 1974, 

Richards 1980, and others). The underlying mechanisms of the instability 

are illustrated in Fig. B.4.1. Note that a free surface is not required for the 

formation of bed forms (except antidunes). The principal processes 

involved in this instability are as follow: 

a. Something gives rise to a disturbance (small bump) on an otherwise 

initially flat sediment bed; or, in the case of free-surface flows, 

produces a standing water-surface wave. 

b. The bed disturbance perturbs the flow field near the bed, and 

thereby perturbs the local sediment transport rate. 
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c. If the distribtuion of local sediment-transport rate is perturbed so as 

to produce a pattern of scour and depositon that increases the 

amplitude of the bed disturbance, ripples, dunes, or antidunes 

result, depending on the flow and sediment characteristics. 

d. If the distribution of local sediment-transport rate is perturbed so as 

to produce a pattern of scour and deposition that diminishes the 

amplitude of the initial bed disturbance, a flat bed results. 

e. The bed forms migrate downstream (ripples and dunes) if scour 

occurs on their upstream (stoss) slopes and deposition on their 

downstream (lea) slopes. Upstream migration (antidunes) results in 

the opposite case. 

2. Over a fairly wide range of flow and sediment conditions, intermediate to 

those that produce ripplesldunes and antidunes, the flow-bed interface is 

stable, and remains flat. Any induced bed disturbance diminishes in 

amplitude and disappears. 

3. The bed configuration has a atic effect on riverine friction factors. The 

Darcy-Weisbach friction factor often changes by a factor of ten or greater 

between flat-bed and rippleldune conditions (Vanoni 1975, pp. 1 14- 1 18). 

4. There are no generally accepted definitions or criteria for distinguishing 

between ripples and dunes. Their behaviors are quite similar. Dunes are 

longer and higher than ripples, typically by a factor of five and greater. 



Ripples often occur in the stoss slopes of dunes. There does not appear to 

be a continuous spectrum of wavelengths between ripples and dunes; on 

plots involving bed-form wavelength, dunes appear as an isolated group of 

points (e.g., the points in the lower-left of Fig. B.4.3). 

5 .  There is no readily discernable difference between the spectral density 

functions of ripples and dunes, except perhaps for their equilibrium - range 

slopes (see item 13, below). 

6 .  A phase shift between the local bed-wave displacement and the local 

sediment discharge is essential to the initiation and growth of bed forms (see 

references cited in item 1. above). The factors that have been identified as 

conmbuting to this shift, and their relative importances, are (Kennedy 1978) 

(note: 1 = very important -+ 4 = not important): 

a. Phase shift between bed shear stress and bed waves (i.e., bed 

displacement and/or slope), due to effects of nonuniform streamwise 

pressure gradient on the velocity distribution. (1 for ripples, 2 for 

dunes, 3 for antidunes). 

Phase shift between bed waves and suspended-load transport rate, 

caused by time required for sediment to be entrained into an 

accelerating flow and to settle out of a decelerating flow. (1 for 

antidunes, 2 for dunes, 3 for ripples). 



c. Gravitational force, which impedes particle motion up stoss slopes 

and aids it down lee slopes. (I for ripples, 2 for dunes, 3 for 

antidunes). 

d. How separation from downstream slopes. (1 for fully developed 

ripples and dunes, 4 for antidunes). 

e. Particle inertia. (3 for antidunes; 4 for others). 

f. Phase shift between local flow shear and local turbulence 

characteristics; i.e., the "history" effect on turbulence. (2 for 

antidunes, 3 for dunes, 4 for ripples). 

g. Phase shift between bed and water-surface waves, and hence also 

between bed waves and locall mean depth and velocity. (2 for 

antidunes, 3 for dunes, unimporant for ripples). 

7 .  Practically all of the successful analytical models developed to date for bed 

forms are based on small-perturbation theory. This involves: 

a. Deformation (mathematically) of the sediment bed into a small- 

amplitude, slowly moving wave (usually a sinusoid). 

b. Calculation of the flow field over the deformed bed. 



c. Calculation of the sediment discharge, along the deformed bed, 

produced by the perturbed flow field. 

d. Application of the sediment-continuity equation (Exner relation) to 

calculate the subsequent deformation of the bed. 

e. Interpretation of the calculated bed profile to explain the occurrence 

and behavior of different types of bed forms. 

8 .  The analyses outlined in item 3, above, are limited to small-amplitude bed 

forms, and cannot explain several important features of fully developed bed 

forms. In particular, they cannot predict the behavior and properties of 

mature, fully developed bed forms which are dominated by nonlinear 

effects. 

9. Three principal items are forthcoming from most of these small-perturbation 

analyses: 

a. The dominant wavelength, calculated as the wavelength with the 

fastest amplitude growth rate. 

b. Bed-wave celerity as a function of wavelength, the flow 

characteristics, and the sediment and sediment-transport properties 

of the flow. 

c. Conditions for occurrence of the different types of bed forms (see, 

e.g., Fig. B.4.2). These predictions invariably involve parameters 
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involved with the bed-elevation--mnsport-rate phase shift, md are 

difficult to apply to predict occunence of different types of bed 

forms. 

10. Most small-penurbation theories predict ranges of flow and @anspor% 

heiations under which the M-wave amplitude b h i s h e s  with time. 'This is 

interpreted as a flat bed 

1 1. Riverine bed waves produced over a fairly wide range of wavelengths, and 

the resulting bed forms are the superposition of waves of many lengths 

(Jain 1971, Jain and Kennedy 1974, Nakagawa and Tsujimoto 1984). 

Free-surface flows are observed to produce two spectral peaks in the bed 

waves that first develop on the initially flattened bed; one of these is at the 

wavelength of the Airy wave, and corresponds to the bed forms produced 

by standing water-surface waves. Its wavelength is given by the Airy 

relation, 

~2 = gk tanh kd 

The second spectral-peak is produced by the interaction between the primary 

shear flow and the bed. The two sets of bed-waves interact, by the shorter, 

faster-moving ones overtaking and merging with the slower, longer ones. 

This "variance-cascade" process was described by Jain and Kennedy (1944) 

(see Section II.D.4 for quotation of their explanation). 

12. The spectral peak corresponding to the Airy celerity is not present in bed 

forms produced by closed-conduit flows, and evolving M f o m s  in close$- 
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conduit flows do not exhibit the progessive llengrhening described by 

Raichlen and Kennedy (1965) and andyz;d by Jain and Renndy (1974). 

This has been demonsmtd by the expefients  of Nakagawa a d  Tsujimoto 

(1984). 

13. Fully developed dune spectra exhibit an "equilibrium range" in whish the 

specml density function, 0, varies as 

where k = 2zL; and L = wavelength (Hino 1968, Jain and Kennedy 1974). 

For ripple spectra, f i n o  (1968) suggests 

The first of these relations has been well corroborated experimentally. 

14. Some data compilations indicate that very long bed foms--megadunes--are 

a distinctive class of bed waves. This is suggested by, for example, the 

grouping of the cluster of points for megadunes in the lower-left comer of 

Fig. B.4.3. However, spectral density functions for these bed forms do not 

indicate that they are statistically different from other bed forms. 

115. Megadunes have maximum wavelengths of about six- to eight-times the 

flow depth (Jackson, 1976). This is consistent with the wavelength of the 

lower end of the equilibrium-specmm (0 - k-3) range (see Section II.D.2, 



Eqs. 7 and 8), as has been shown by Hino (1968). This corresponds to a 

vertical line in Fig. B.4.3, which is seen to be a crude estimate of dune 

wavelength. 

16. A better approximation to the wavelengths of dunes can be obtained from 

the spectral analyses of Nordin (1971; cited in Sec. II.D.l) and Jain and 

Kennedy (1974; see Sec. II.D.4) indicating that better estimates of the 

wavelength are 

((18) in Sec. II.D.1); and 

((19) in Sec. II.D.4), respectively. 

17. Raudkivi's (1963) detailed subcritical-flow measurements of flow over a 

mobile-sand and a rigid, two-dimensional model of a ripple (actually, likely 

a dune), 15-inches long and 1.1 -inches high, revealed several interesting 

aspects of this flow, as follow (refer to Fig. III.B.l): 

a. Entrainment and bed-load transport take place on the stoss slopes of 

ripples and dunes at values of the temporal mean bed stress well 

below Shields' critical stress, which is reached more than half-way 

up the stoss slope of the bed form. 



b. The temporal mean shear stress is a maximum on the m s t  of the bed 

fom,  and there is very nearly equal to the mean shear stress for the 

same flow over same sand bed in its initial flat condition. This flat- 

bed value of shear stress appears to govern the amount of s d m e n t  

transport. 

c. The streamlines of the main flow are approximately sinusoidal, 

rising over the wakes and falling over the crests of ripples. 

d .  The flow over the wake in the lee of a ripple reattaches to the bed 

about five to eight (average of about six) ripple-heights downstream 

of the ripple crest. At the reattachment point, the bed shear stress is 

practically zero. These observations are consistent with those made 

in boundary layers downstream from impervious "fences" 

perpendicular to walls; and downstream from negative steps on 

conduit boundaries. 

e. In the region where boundary shear stress is less than the critical 

value, the sediment entrainment and transport are due primarily to 

the agitation (intense turbulence) in the wakes of the bed forms. , 

18. There is presently no completely reliable predictor for the conditions of 

occurrence of the different bed configurations (ripples, dunes/megadunes, 

flat bed, antidunes). The principal stumbling block is an inadequate 

Qnderstanding and formulation of the transport-rate phase shift (see Fig. 



B.4.2). Vanoni's (1974) bed-form charts (Fig. III.B.2 and Table 111.1) 

remain the best practical tool for bed-configuration prediclion. 

19. The Nobel Prize for a riverine-bed-form theory is still waiting to be won. 



FIG. 4.-RIPPLE FOR>MTIOX, WATER SURFACE PROFILE, .IND DISTRIBUTION O F  PRESSL'RE 
DEVLITIOSS AND BED SHEAR STRESS 



FIG. 1.4ed-Form Chart for R,  = 0.14 and 2.74.2 (dm = 0.014 rnm and 0.088 mm) 

FIG. 2 .4d-Form Chart for R ,  = 4.5-10 (dm = 0.12 mmd1.200 mm) 

d/dw 

FIG. 3.-ad-Form Chart for R ,  = 10-16 (d, ,  = 0.15 mm4.32 mm) 



FIG. d a d - F o r m  Chert for R ,  = 16-26 ( d ,  = 0.228 mm-0.45 mrn) 

d/d y 

FIG. 5 . 4 e d - F o m  Chart for R ,  = 24-48 ( d ,  = 0.4 mm-0.57 mm) 

Figure III.B.2. (continued) 



FIG. 6.4ed-Form Chart for R ,  = 82-92, 130, and 140 to 200 (d,, = 0.93 mm, 1.20 
mm, and 1.35 mm) 

du JP~Y 
I,.- 

FIG. 7.--Plot of R, against u . / w  for flows with Ripple and Dune Beds 

Figure III.B.2. (continued) 



TABLE I . 4 a n g e s  of R ,  and d , ,  for Data Planed on each of Bsd-Form Charts Figs. 
2-7 

Figure 
number 

(1 

Ranges of R, 
= (d,,, K ) / v  

(2) 

Ranges of median sediment 
size, d,,, in millimeters 

(3) 

0.1 I and 2.7-4.2 
4.5-10 
10-16 
6-26 
24-50 

6 82-92 and 126- 197 

0.01 1 and 0.088-0.15 
0.12-0.20 
0.15-0.32 
0.23-0.45 
0.4-0.6 

0.93, 1.20, 1.35 

Table III.1. 



The foregoing outline of "what is 

known", and the select&-literatu~ survey of the preceeding chapter, suggest, accurately, 

that the mechanisms responsible for the initiation and small-amplitude behavior (the 

linearized problem) of dverine bed foms are quite well understood and fairly well 

formulated. The principal remaining seumbling blocks involve the usual problems attendant 

to the analysis of strongly nonuniform turbulent shear flows, and further elucidation and 

formulation of the phase shift between local bed displacement and local sdbent-aanspn 

rate. The perceptive reader will have noted, however, that relatively little has been reported 

herein concerning analytical description of the properties and behavior of fully developed 

bed forms. That is because there is not much to report, either analytical or expimental, on 

this problem. The notable exceptions are: 

1. Fredsoe's (1982) analysis of the shape of fully developed ripples and 

dunes) (see Section 1I.B. 10). 

2. Haque and Mahmood's (1985) series of publications reporting analytical 

treatment and finite-element simulation of flow past mature ripples and 

dunes (see Section I1.B. IL 1). 

3. Several dimensional-analysis treatments of the geometry of mature bed 

forms and Vanoni's (1 974) bed-form charts. 

4. Some success in determining "universal" nondimensionai spectral density 

functions of ripples and dunes (see Chapter II, Section D). 

5. Kennedy's (1963) finding that antidune height is limited by the stability of 

the accompanying surface waves (see Section II.B.3). 
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6 .  The relationship between the g e o m q  and kinematics of ripples and dunes, 

and sediment fischarge, as analyzed by Simons, Richardson and Nordin 

(1965), Kennedy (1 969), and Willis and Kennedy (1978). 

In an attempt to answer the question posed in the heading of this section, let us 

consider what a complete analysis of finite-amplitude ripples and dunes must include, and 

the stumbling blocks encounterd in its development. We will consider periodic, fully 

developed ripples or dunes moving with celerity c without changing their form, as shown 

in Fig. 1II.C. 1. These waves are described by 

~\(x,t) = h f (x - ct) (1II.C. 1) 

where, in addition to the nomenclature defined in Fig. III.C.l, f = function of (x-ct) 

defined by the bed profile and Eq. III.C.1, and t = time. The equation of sediment 

continuity is 

where q, = volumetric sediment discharge (which includes the porosity). Substitution of 

Eq. III.G.1 into Eq. III.C.2, and integrating the resulting equation over x yields 

where @ = constant or function of time, and represents sediment discharge that does not 

pmicipate in the bed-fom-migration process. 



In Eq. TTI.C.3, q is seen to vary linearly with q,. Thus for equilibrium bed foms,  

q must evolve such that it produces a flow field, and associated turbulence and shear field, 

that at every point along the bed produces a Q that satisfies Eq. lII.C.3. This relation must 

be satisfied in the strongly separated flow in the wakes of the bed forms; in the 

reattachment zone, where the separation smamline from a bed-form crest approaches the 

stoss slope of the adjacent downstream bed form; and in the nonuniform internal boundary 

layer along the stoss slope downstream of the reattachment point. In short, qs must be 

proportional to q throughout the complex flow above Apples and dunes. The transport 

relation must also take into account the effects of bed-form slope on transport rate, 

including the gravity flow of sediment down the lee slopes. It must also consider the 

strong interchange between bed-load and suspended-load discharges that occurs along the 

bed profile, including the wake zone. The spectral properties of the bed profile would have 

to be included, especially the "production of bed profile" at the larger wave numbers, and 

the "decay of bed profile" at smaller wave numbers. Calculation of q(x,t) and the 

corresponding flow and stress fields and resulting q,(x) that satisfy these relations, as 

calculation of equilibrium bed forms would require, is indeed a tall order. To appreciate the 

difficulty of the problem, it should be recalled that the problem of calculating the total 

sediment discharge of streams, even over flat beds, cannot be considered as satisfactorily 

solved. 



IV. A NEW THEORY FOR DUNE HEIGHTS. 

This model is concerned primarily with megadunes, of the type described by Gany 

and Keller (1957), among others. It is these bed forms that pose the greatest problem to 

navigation, water-diversion structures, etc. 

The model is based on the following concepts and assumptions: 

1. The grain-roughness shear stress, zt, varies linearly along the stoss face of 

each dune (see Fig. m.C. I), h m  zero a distance a h  downstream from the 

dune crest to the flat-bed value (based on the mean depth d) T;, at the dune 

crest. This assumption is well supported by the detailed measurements of 

Raudkivi (1963) of velocity and stress distributions in flows over dunes. 

Based on his experiments, and the work of others cited by him, a - 5. The 

negative zt upstream from this point to the dune crest will be neglected. 

Thus, the average energy slope due to the grain roughness, St9 is expressed 

by 

1 h St = 1.2 h f, F2 ( l - a  L) (rv.1) 

where, in addition to the terms defined in Fig. IJI.G.1, h = coefficient (- 1); 

f, = nigid-flat-bed Dacy-Weisbach ficeon fac to~  and F - Froude number. 

The factor 1.2 is introduced to take into account Karim and Kennedy's 



(1989) finding that the friction factors of flows over mobile flat beds axe 

about 20 percent greater than those of flows over rigid beds with equd 

roughness size. 

2, The energy slope produced by form drag on the dunes will be estimated 

from Carnot's formula f ~ r  the head loss across an abrupt expmsion in a 

conduit, as was done by Engelund (1966). The average energy slope, S", 

produced by this expansion loss is (refer to Fig, IV-1) 

where CD = loss coefficient (= 1); Sd = average slope of stoss face of dune 

(= k) ; and ph  = distance from dune-profile nadir to point of free- 

streamline bed reattachment, as shown in Fig. IV.1. Note that SdP << 1, as 

are products involving SdP. 

3. The total energy slope is then 



where f =. Darcy-Weisbach friction factor and F = Froude number. ( I V 3  

yields 

d 4. The ratio L will be estimated from the results of the spectral analyses of 

Nordin (1971) and Jain and Kennedy (1974) (see item 16 of Sec. I1I.B). 

Specifically, 

(IV .5)  

will be adopted. It is expected that 61 -- 0.25 for megadunes, (VI.5) is a 

reasonable approximation to the "megadune" points in the lower left of Fig. 

B.3.2. 

5 .  Karim and Kennedy's (1989; their Eq. 17) regression relation will be 

utilized for the friction-factor ratio f/fo: 

(IV. 6 )  

where s = specific gravity of bed material; and D50 = median bed-particle 

size. 

6 .  The rigid-flat-bed friction factor, f,, is taken from Karim and Kennedy 

(1989) to be 



7. (W-4) arnd (IV.5) yield 

(IV .8) 

f 
where fo is given by (IV.7); CI 0.25; h - 1; Ca  - 1; and - is given by 

fo 

(IV.6). 

1.2 h a f o  1.2 
8. (IV.8) can be simplified (by neglecting the terns in - - 

8 CD 
and h ,  

which are small for all but flows over nearly flat beds) to 

(IV .9) 

Several comments concerning the prospective usefulness of (IV.9) and (IV.lO) are 

in order: 

1. They valid only for flows that produce ripples and/or dunes. Karim and 

Kennedy (1989) suggest that this flow regime occurs over the range 

0.06 < 20 < 1.3 (IV. 10) 
pg(s-1) D50 

where 0.06 corresponds to the Shields dimensionless shear stress for 

incipient motion. The limits given in (IV.lO) are tentative and approximate. 



Additionally, dunes can be expected only if the Froude number is less thm 

about 0.6 to 0.7. Vmoni's (1974) bed-fom charts (see item 18 of Sec. 

DI.B, and Fig. PTLB.2) also should be consuited to determine if dunes can 

be expected 

2. Because ripples and dunes are composed of spectra of wavelengths and 

amplitudes, any prediction for these quantitities, or their ratio, should be 

regarded as fielding representative values. 

h 3 .  (IV.9) can be expected to be valid only for fairly large values of a . 



Figure IV. 1. 



V, VERIFICATION 

h The relative dune-height, 8 predictions of six of the empirically based relarions 

were compared with data r e p ~ d  by Guy et d. (1966). Only thek funs conducted in the 

eight-fmt-wide flume which had dunes as the repofled bed configmfion were used in &is 

comp~son.  Regetably, no field data collecfion suitable for verification were found. 

The mges  sf variables covered by these experiments utilize$ in the comparison m: 

d = flow depth (ft): 0.30 - 1.33 

D a  = grain size (mm): 0.19 - 0.93 

IF = Froude number: 0.25 - 0.65 

S = Slope: 0.37 x 10-3 - 4.37 x 10-3 

V =velocity(ft/s):1:30-3.32 

The following relations were used in the verifications: 



(2) Gill (1971) 

- -- (assume f is independent of U) 
d - 2na 

a = 0.5 (triangular dunes) 

n = 312 (corresponds to Meyer-Peter and Mueller equation). 

(3) Ranga Raju and Soni (1976) 

h a = 6.5 x 103 Dld Yj- (7;) 813 
F1F2 



Fig. B.104 portrays this relation after 8, Ob, a, are expressed as functions 

of 8: 

(5) Van Rijn (1984) 

The results of this verification are presented in Figs. V.1 to V.5. These figures 

suggest that none of the relations evaluated is fully satisfactory. The model developed 

herein appears to give the best results, and could be improved by calibration to adjust the 

constants it contains. 

(6) Present paper (Chapter IV), 

where 





0 0.2 0.4 0.6 0.8 1 .O 

CALCULATED A DUNE MOEIIGHTS, h/d 

V.1. Verification of the dune-height predictor of Ydin (1964). 
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0 0.2 0.4 0.6 0.8 1.0 

CALCULATED RELATIVE DUNE HEIGHTS, h/d 

Figure V.2. Verification of the dune-height predictor of Gill (1971). 
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CALCULATED RELATIVE DUNE HEIGHTS, h/d 

Figure V.3. Verification of the dune-height prediction of Ranga-Raju and Soni (1971). 
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0 0.2 0.4 0.6 0.8 1 .O 

~ ~ C U L A T E D  A  D HEIGHTS, h/d 

Figure V.4. Ve~fisation of the dune-height prediction of Fredsoe (1982). 
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CALCULATED RELA D HEIGHTS, h/d 

Figure V.5. Verification of the dune-height predictor of van Rijn (1984). 
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CKCmATED D HEIGHTS, h/d 
0.25 0.50 0.75 1.0 

CAlLCULATED DUNE HEIGHTS, h/d 

WORDIN (1971) 
ATRISCO LATE 

A 

DATA 

Figure V.6. Ve,fica~sn of the dune-height prdictsr devela@ h e ~ i n  (Chapter N). 



VI. DUNE-CONTROL METHODS 

In the extensive literature sewch c b e d  out in the course of this study, no 

i m o v a ~ v e  mems of dune cone01 were found, B d @ n g  to obt& shoa-tern relief of lwd 

problems swms presendy t s  be the co 

A technique whose potentids as a c s n ~ o l  measure have not been fully explored is 

the submerged vanes technique. Both labopatoq and field tests (Odgaad and Kennedy 

1983, O d g m d  and Spoljaric 11986, Odgaud and Mosconi 198T Wang 1989, Fukuoka 

1989, Fukuoka and Watanabe 1989) suggest that this technique has a broad range of 

applications including dune control. The vanes are small flow-aaining smctures (foils) 

designed to moc%ify the near-bed flow pattern and r d i s ~ b u t e  flow and sediment ms po r% 

within the chmnel m s s  sec~on.  The s m c m ~ s  are i n s d l d  at an mg%e of atack of 15-25' 

with the flow, and their initid height is 0.2-0.4 times IIwd water depth at design stage. 

The vanes function by generating secondw circulation in the flow. The circulation alters 

magnitude and direction of the bed shear s & e s  sand causes a reduc~on  in velwity and 

sediment m s p o f i  in the vane c o n ~ o l l d  area. As a resuk the bed configurations change. 

The river b d  agmdes  in the vane coneolled m a  md degades outside. 

The technique was o ~ g i n d l y  developd to stop or redance bank erosion in river 

curves, In this application the vmes are laid out so that the vane generated s e c s n d w  

cunent eliminates the cen~ fuga%%y induced s e c o n d v  culTenr, which is the root cause of 

bank uwdemining. The first field test with this app%ication was in a bend of East 

Nishnaboena River, Iowa (Odgazd and Mosconi 1987), The results from this test are very 

sadsfacesry. Other saccessfu% fk%d tests are repofled by Fukuoka and Watanabe (1989) 

and Kunzig (1989). 



Recent laboratory and field tests suggest that the vane technique is also effective in 

ameliorating shoaling problems in rivers (Odgaard and Wang 1990). Figures V1.I and 

V1.2 show results of a laboratory experiment in which vanes were installed along the right 

side of a straight laboratory channel. The objective was to generate an increase in flow 

depth in the left ponion of the channel. The vanes were 0.8 mfn thick sheet metal plates, 

7.4 cm high and 15.2 cm long, installed in mays  with four vanes in each array and angled 

20' toward the bank. Average flow depth was about 17 cm and velocities were of the 

order of 0.4 m/s. It is evident that this vane system caused a considerable redistribution of 

sediment. The vanes reduced the depth near the right bank by about 50%. This caused the 

depth near the left bank to increase by 20-30%. 

One of the most important observations made in these tests was that the vane 

induced changes in cross-sectional profile occurred without causing measurable changes of 

the area of the cross sections and of the longitudinal slope of the water surface. This 

observation is important because it implies that the vanes will not cause any changes of the 

stream's sediment transport capacity upstream or downstream from the vane field and 

therefore should not alter the overall characteristics of the stream. 

Another important observation was that the bedforms in the deepened part of the 

channel did not appear to be larger than before vanes were installed. It appeared that the 

vanes lowered the bed level outside the vane field without causing the height of the 

bedforms there to be increased. This observation suggests that vanes may be an effective 

means of controlling not only the depth but also the size of the bedforms. However, more 

experimentation is needed to quantify the performance of the vanes in this regard. 

It is recommended that the use of submerged vanes for control of bedforms be 

investigated further. A logical approach would be to use the theoretical basis obta ind 
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herein (the relationships between bedform geometry and flow and sediment characteristics) 

for designing and conducting a series of experiments in a straight, movable-bed hydraulic 

model. The main objective would be to develop relationships between vane-system 

characteristics (design and layout), flow and sediment conditions, and dune dimensions 

within and outside the vane controlled region of the model. The experiments should be 

designed so that the feasibility of the technique in typical prototype situations can be 

determined. The model could, for example, be a representation of a prototype problem 

reach. Other techniques may also emerge from such experiments. 



Figure VI. 1. Submerged vanes for sediment management: test in 

straight, alluvial channel. Upstream view of nearly 

drained channel. 



4 -Vane  A r r a y s  

DISTANCE FROM CHANNEL CENTERLINE, n / b  

Figure VI.2. Submerged vanes for sediment management: test in 

straight alluvial channel. Velocity and depth distributions 

with and without vanes. 



VII. SUMMARY AND CONCLUSIONS 

The principal findings fonhcorning from the literature survey are presented in 

Section III.B, which should be considered a part of the summary and conclusions of this 

study. 

Five of the published, empirically based predictors for relative dune height, h/d, 

were evaluated (Chapter V). None of them was found to be satisfactory. A new dune- 

height predictor was derived (Chapter IV), using in "inverse approach", in which the dune 

height was estimated from a verified predictor for alluvial-river friction factors. This 

relation was found to give more accurate predictions of h/d than the previously published 

ones. Its accuracy no doubt could be improved by calibration against other data to refine 

the constants it contains; and by omitting some of the assumptions made in its formulation, 

although this would be done at the expense of greater computational complexity. 

The most promising, innovative means of dune control is judged to be use of 

submerged vanes, as described by Odgaard and Wang (1990). As a matter of fact, no 

other innovative means was discovered. There is a growing body of field experience 

which demonstrates that submerged vanes, suitably deployed, are very effective sediment 

management and control devices. It is recommended that their use for control of 

objectionable shoaling resulting from dunes be further explored. 
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